Both systemic and local production contribute to the concentration of steroids measured in the brain. This idea was originally based on rodent studies and was later extended to other species, including humans and birds. In quail, a widely used model in behavioural neuroendocrinology, it was demonstrated that all enzymes needed to produce sex steroids from cholesterol are expressed and active in the brain, although the actual concentrations of steroids produced were never investigated. We carried out a steroid profiling in multiple brain regions and serum of sexually mature male and female quail by gas chromatography coupled with mass spectrometry. The concentrations of some steroids (eg, corticosterone, progesterone and testosterone) were in equilibrium between the brain and periphery, whereas other steroids (eg, pregnenolone (PREG), 5α/β-dihydroprogesterone and oestrogens) were more concentrated in the brain. In the brain regions investigated, PREG sulphate, progesterone and oestrogen concentrations were higher in the hypothalamus-preoptic area.
| INTRODUC TI ON
It was originally assumed that the brain is only a target for steroid action and that steroid hormones (androgens, oestrogens, progestogens, corticoids, etc.) are produced exclusively by peripheral specialised organs (gonads, adrenals, etc.). The discovery of steroidsynthesising enzymes in the brain and demonstration that the concentration of some steroids in the brain (eg, PREG) does not change after the removal of their suggested peripheral source (eg, after castration) challenged this notion. This led to the concept of neurosteroids (ie, steroids directly synthesised in the brain from cholesterol such as progesterone and its 5α-reduced metabolites), producing their physiological effects at the site of synthesis. [1] [2] [3] [4] [5] [6] Other studies further showed that some steroids found in the brain can be derived from precursors produced in the periphery that are metabolised in the brain by a variety of enzymes. For example, oestradiol (E 2 ) can not only be synthesised by the female ovary, but can also be derived from testosterone produced by the testes and aromatised in specific brain loci under the catalytic action of the aromatase enzyme. [7] [8] [9] These steroids are usually called neuroactive steroids and directly act on neural cells either via membrane or nuclear signalling mechanisms.
10,11
These studies were initially performed in mammals and little was known until recently in other taxa, particularly in birds. The Japanese quail (Coturnix japonica) has become a widely used model in (behavioural) neuroendocrinology. 12, 13 Extensive work during the past 10 years has demonstrated that the RNAs corresponding to all enzymes involved in the synthesis of sex steroids are expressed in the quail brain and that they are active. 14, 15 Similar studies in a songbird species, the zebra finch Taeniopygia guttata, identified the expression of the RNAs for steroid synthesising and metabolising enzymes in the brain and obtained evidence for their functional significance. [16] [17] [18] [19] Although it was shown by in vitro radioenzymatic assays that the corresponding enzymes are active (ie, that brain homogenates can metabolise radioactive steroid substrates into their products, [16] [17] [18] [19] ) the actual concentrations of steroids present in the quail brain are in most cases unknown. This is partly a result of technical difficulties associated with measuring these compounds present in small amounts in a highly lipophilic tissue.
In quail, as in many other vertebrate species, extensive experimental work has demonstrated the key role of brain steroid metabolism in the control of male sexual behaviour. 20, 21 In particular, the activation of male copulatory behaviour depends on E 2 derived from the central aromatisation of testosterone. [22] [23] [24] Systemic treatment or stereotaxic implantation in the preoptic area (POA) of aromatase inhibitors indeed very efficiently blocks male sexual behaviour activated by exogenous testosterone. [25] [26] [27] Surprisingly, peripheral administration of E 2 is, however, not very efficient in restoring male sexual behaviour in castrates. Low doses of E 2 are inactive and behavioural activation is only observed at supraphysiological concentrations that display toxic effects (eg, liver cirrhosis) and are sometimes lethal.
20,22,28-30
The apparent discrepancy between effects of locally synthesised E 2 and the relative lack of action of E 2 injected in the periphery could have multiple reasons. 28 It is possible that very high local concentrations of E 2 in anatomically discrete areas of the brain, only reached by in situ synthesis, are needed to activate male behaviour. Alternatively, it is also possible that E 2 injected in the periphery does not readily cross the blood-brain barrier and thus only reaches the brain in low amounts. Finally, systemically injected E 2 is likely subjected to the intense catabolic activity of the liver rapidly reducing the active concentration of the hormone. These possibilities are not mutually exclusive.
The present studies were therefore initiated to investigate some of these unanswered questions concerning the concentrations of steroids in the quail brain and more specifically to (i) describe the profile of steroid concentrations in different regions of the male and female quail brain; (ii) determine to what extent these steroids are present in the extracellular space; (iii) analyse how these brain concentrations of steroids are affected by castration and by systemic treatments with testosterone or E 2 and, in particular, assess whether peripheral E 2 can freely enter the brain as commonly accepted for all steroids.
| MATERIAL S AND ME THODS
Three independent experiments were performed on male and female Japanese quail (Coturnix japonica) that were either obtained from local breeders in Belgium and maintained at the quail colony of the GIGA Neurosciences, University of Liège (Liège, Belgium),
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coronal cuts at the level of the tractus septopallio-mesencephalicus (rostral edge of the POA) and of the oculomotor nerves (caudal edge of the hypothalamus), two parasagittal cuts placed approximately 2 mm lateral to the brain midline and a final horizontal cut 2 mm below the floor of the brain. This isolated a block of tissue that contains most of, if not all, the neurones that show a dense expression of aromatase in the quail brain. 31 The OL and CB were then separated from the rest of the brain with one scissor cut in each case and, finally, the caudal part containing the brain stem and base of the mesencephalon was separated from the TEL by a final cut. Each sample was immediately frozen on dry ice, weighed, wrapped in aluminum foil and stored at −80°C until assayed. The entire procedure was usually completed in less than 3 minutes. The list of steroids assayed and the different brain parts that were considered varied, however, from one experiment to another as described in the results.
| Specific experimental protocols
| Experiment 1: Steroid profiles in brain areas and serum in adult male and female quail
This experiment was carried out with four successive batches (three from Liege and one from Tours) of sexually mature adult males and females as attested by the presence of a fully developed cloacal gland in males and the fact that females were regularly laying eggs.
The cloacal gland is an androgen-sensitive measure that provides a reliable estimate of the circulating concentrations of androgens. 32, 33 This experiment thus included a total of 21 males and 21 females, although not every steroid was assayed in each subject or brain sample because our capacity to detect steroids increased over time and
we progressively focused on avian-typical steroids, such as the 5β-reduced androgens. The final number of data points for each steroid, sex and brain region is indicated by the degrees of freedom.
| Experiment 2: In vivo microdialysis in the hypothalamus and POA of males
Five adult males were anaesthetised with isoflurane, placed in a stereotaxic frame and implanted with a guide cannula (22-g plastic tubing)
aimed at the medial preoptic nucleus (coordinates: x = +1.6, y = +2.5
and z = ±0.5 mm, relative to the center of the inter-aural axis), a key site for the activation of male copulatory behaviour by testosterone. 34, 35 The cannula was fixed to the skull with dental cement and then obturated with a dummy insert that was 300 μm longer than the cannula until the microdialysis experiment began. Animals were allowed a 2-week recovery period after surgery. overnight at a rate of 1 μL min -1 , and the eluate was collected in a single vial that was frozen in the morning and stored at −80°C until assayed for steroid content. Steroids were assayed in a 500-μL aliquot (corresponding to 500 minutes of perfusion) of these dialysates collected from the five different birds.
At the end of the experiments, birds were injected with ink through the cannula, killed by decapitation. Brains were then collected and directly frozen on dry ice. Brains were cut in a cryostat in 30 μm-thick coronal sections that were stained with toluidine blue in accordance with standard procedures. 34, 35 The location of the tip of the probes was then determined under the microscope based on the Nissl staining and localisation of the ink spot.
| Experiment 3: Effects of castration and replacement with testosterone or E 2
This experiment was performed with 31 male quail obtained from the breeding colony established at the INRA station in Nouzilly, Tours (France), aiming to test the effect of castration on brain and serum steroid content and whether testosterone had an easier access to the brain than E 2 as potentially suggested by previous experiments (see Introduction).
All birds were castrated at 3 weeks of age under ketamine/ xylazine anaesthesia (38.75 and 2.45 mg kg -1 , respectively). The two testes were removed through a unilateral incision behind the last rib, as described previously. 37, 38 Two weeks later, birds were assigned to one of four experimental groups matched on body weight and were implanted with either two 20-mm Silastic capsules filled with testosterone (CX+T40; n = 9), or two 20-mm Silastic capsules filled with E 2 (CX+E40; n = 8), or four 20-mm Silastic capsules filled with E 2 (CX+E80; n = 7) or two 20-mm
Silastic capsules left empty as a control (CX; n = 9). Implants were made of Silastic tubing (catalogue number 602-252; Dow Corning, Midland, MI, USA) (inner diameter 1.57 mm; outer diameter 2.41 mm) filled with crystalline testosterone or E 2 and closed at both ends with Silastic glue. Implants were introduced under skin via a small incision through the apterium located at the side of the neck and pushed under the skin in the back of the bird.
Seven days later, all birds were weighed, their cloacal gland area was measured to the nearest tenth of millimeter with a caliper (width and length) to determine the surface of the rectangle enveloping the gland, called the cloacal gland area (CGA). They were then killed by decapitation, trunk blood was collected and brains were dissected and frozen on dry ice as described in the general procedures. Samples were purified and fractionated by solid-phase extraction with the recycling procedure. 40 The steroid sulphates-containing fraction was directly derivatised with 20 μL heptafluorobutyric anhydride (HFBA) in 100 μL of anhydrous acetone for 30 minutes at 20°C. This reaction cleaves the sulphate moiety, and the resulting derivatised steroid is then analysed by GC/MS.
| Steroid assay by gas chromatography and mass spectrometry (GC/MS)
The unconjugated steroid-containing fraction was filtered and further purified and fractionated by high-performance liquid chromatography (HPLC), as described previously. 41 Three fractions were collected from the HPLC system: 5α/β-DHP and 5α/β-dihydroandrostanedione were eluted in the first HPLC fraction (3-10 minutes) and were silylated with 50 μL of N-methyl-N-trimethylsilyltrifluoroacet- Quantification was performed according to the major diagnostic ion, termed the quantification ion. The detection thresholds for all the screened steroids in plasma, POA and TEL are reported in Table 2 .
| Statistical analysis
All data were analysed by one or two-way analyses of variance or by concentrations are presented in Figures 1-4 , and the results of the corresponding statistical analyses are summarised in Table 3 , which also indicates the degrees of freedom of all analyses and thus the number of samples that were analysed in each case. Data concerning PREG, the precursor of all steroid hormones and its metabolites are summarised in Figure 1 and Table 3 . A few noticeable, statistically significant results are immediately obvious:
1. Pregnenolone was present in high concentrations in all brain samples and higher in females, although its concentration in serum samples was comparatively very low, 2. Surprisingly, pregnenolone sulphate was detectable exclusively in the POA, 3. 20α-dihydropregnenolone was also more concentrated in the brain, especially in the cerebellum of females, compared to serum.
Brain and serum levels of PROG, its reduced metabolites and corticosterone are shown in Figure 2 and Table 3 . PROG and its metabolites 5α-DHP, 5β-DHP and 3α,5β-THP were present in higher concentrations in females than in males for all brain samples. A similar sex difference was also detected in the serum for PROG, 5α-DHP and 3α,5β-THP.
PROG levels were highest in POA, and 5α-DHP levels were highest in POA and OL. Both 5α-DHP and 5β-DHP were more concentrated in brain as compared to serum. A few global differences between brain areas were also observed for 3α,5α-THP and 3α,5β-THP, although it is difficult to determine whether these differences are genuine. 3α,5α-THP and 3α,5β-THP were detected in the TEL only, although this might relate to the larger size of the TEL that increases the assay sensitivity.
Corticosterone was detected in similar concentrations in all brain
samples and in the serum of both sexes.
By contrast, the pattern of concentrations of androgens, their metabolites and their precursor DHEA as presented in Figure 3 was quite different. First, there was generally an overall sex difference in the brain concentration in favour of males. This overall sex difference was statistically significant for DHEA and for 8 of the 12 other steroids shown in Figure 3 . These androgens were also often more concentrated in the serum of males compared to females (seven out of 13 steroids).
Some tissue specificity was also present here with higher concentrations for testosterone in OL in males, for 5α-dihydrotestosterone (DHT) in the POA (and cerebellum) in males and for 5α-DHT in CB in females. Concentrations in both sexes were higher in the POA than in other regions for androstenediol, 5α-and 5β-dihydroandrostanedione, 3β,5α-tetrahydrotestosterone (THT) and epiandrosterone ( Figure 3 ).
Some steroids were in apparent equilibrium between the brain and the serum (eg, DHEA, testosterone, androstenedione, 3α,5α-THT, 3α,5β-THT), although this was not the case for others, suggesting they are produced mainly in the brain (eg, androstenediol, 5α-and 5β-DHT, 3β,5α-THT, 5α-and 5β-dihydroandrostenedione, epiandrosterone). Finally, 5β-reduced androgens, in particular 5β-DHT, 5β-dihydroandrostanedione and 3α,5β-THT, were present in very high concentrations in the brain compared to the "main" androgens testosterone and androstenedione. 5β-DHT in particular, which is a direct metabolite of testosterone, was at least 10-20 times more concentrated than its parent steroid.
Three oestrogens, oestrone, E2 and oestriol, could also be detected in quail brain and serum, although no trace of 17α-oestradiol could be identified ( Figure 4 and Table 3 ). Their concentrations were higher in the brain as compared to serum, especially in POA of both males and females. Interestingly, no significant sex difference could be detected. It should be noted that concentrations of E 2 in the serum were below threshold in all 10 male samples, whereas this was the case in only one of the 20 female samples. The 19 other female samples were above threshold, although barely so. Consequently, no sex difference was detected by t test (t 28 = 1.769, P = 0.088), although a nonparametric Mann-Whitney test suggested a highly significant difference (U = 18.5, P < 0.001).
| Experiment 2: Steroid concentrations in dialysates from the male medial POA
We searched in dialysates of male POA for all steroids that had been assayed in the male POA. Many of them were detected ( Figure 5A ), although several of them were below the detection level. This was namely the case for PROG, 5α-DHP, 3α,5α-THP, 3α,5β-THP, androstenedione, epiandrosterone, oestrone, oestriol and, most surprisingly, pregnenolone sulphate, which was present in high concentrations in the male POA. The concentrations of steroids in dialysates are shown in Figure 5A and compared with the concentrations previously detected during Experiment 1 in the male POA ( Figure 5B ).
Histological analysis confirmed that all cannulae were located in the rostral half of the hypothalamus, although there was some TA B L E 1 (Continued) variability in location at the fine level. One cannula was in the medial preoptic nucleus, one was immediately ventral to this nucleus, two were in the ventromedial nucleus of the hypothalamus and one was located in between but more dorsally in the bed nucleus of the stria terminalis.
As can easily be seen, the concentrations measured by in vivo 
| Morphological data
The body weight of the four groups of males did not differ when birds received their Silastic implants (F 3,27 = 0.0927, P = 0.9634), nor 1 week later when brains were collected (F 3,27 = 1.079, P = 0.2389).
Note that, overall, the birds from the INRA French colony were smaller that the birds from Belgium used in previous experiments (eg, 149.8 ± 1.8 g in the present study vs a range of 200-240 g for birds from Liege).
As expected, the CGA was significantly affected by the endocrine treatments (F 3,27 = 215.7, P = 0.0114). It was markedly increased in testosterone-treated birds compared to CX birds (190.7 ± 1.8 vs 46.1 ± 2.9 mm 2 , P < 0.001 by Tukey post-hoc tests).
Some increase in CGA was also observed in birds treated with E 2 (E40: 127.1 ± 3.6 mm 2 , E80: 152.3 ± 6.7 mm 2 , P < 0.001 vs CX birds in both cases), although this relates more to the E 2 -induced enlargement of the cloacal diameter than to a true swelling in the gland itself. Similar to what was observed in Experiment 1, the PREG concentration was low in the serum but again high in the POA and TEL, despite the fact that birds were castrated. Concentrations were significantly higher in the TEL than in the POA, although they were not affected by the hormonal treatments. The average data suggested an interaction between treatment and areas (decrease following steroid treatment in POA, no clear effect in TEL), although this interaction did not reach statistical significance (P = 0.051) ( Table 4) .
Testosterone was extremely low in the serum of CX males and markedly increased in testosterone-treated birds, whereas E 2 implants only had a very low non significant effect on plasma testosterone. Concentrations in the brain reflected these systemic changes, suggesting that testosterone freely enters the brain, although these concentrations remained much lower in the TEL than in the POA.
The lower concentration of testosterone in the TEL was possibly F I G U R E 1 Concentrations of pregnenolone and its metabolites pregnenolone sulphate and 20α-dihydropregnenolone measured by gas chromatography/mass spectrometry in the serum, hypothalamus-preoptic area (POA), whole telencephalon (TEL), cerebellum (CB) and optic lobes (OL) of adult sexually mature male and female Japanese quail. Data for brain areas were analysed by a two-way ANOVA for each steroid with the brain area and sex as independent factors. Overall effects of sex are indicated under the name of the steroid considered (male > female or female > male). Results of Bonferroni post-hoc tests performed when a significant effect of brain areas was detected without interaction with sex are indicated by a lowercase letter above the corresponding pairs of bars corresponding to the area of interest in both males and females (a = P < 0.05 compared to the POA, b = P < 0.05 compared to the TEL). Results of Tukey's post-hoc tests performed when there was a significant interaction between sex and brain areas are indicated by numbers above the bar associated with the sex and nucleus considered as: 1 = P < 0.05 compared to POA in the same sex, 2 = P < 0.05 compared to TEL in the same sex and 3 = P < 0.05 compared to CB in the same sex. Asterisks indicate sex differences within an area as detected by Tukey's post-hoc tests following a significant interaction between sex and area in the brain or by t tests for the serum. ND above a bar indicates that the steroid was not detectable in any sample of the tissue and sex considered. These samples were for statistical and graphing purposes assigned a concentration equal to the threshold of detection By contrast, the transfer of E 2 from the periphery to the brain appeared to be less effective. Although the two doses of E 2 increased the serum concentration in a dose-dependent manner, there was no significant increase in E 2 concentration in the POA or TEL at the lowest dose and only the high dose was able to significantly increase the concentrations in the POA and TEL. Unexpectedly, the testosterone implants did not significantly increase the POA concentration of E 2 , even if an average slight increase was detected. Mean E 2 levels were, however, higher in POA compared to TEL and serum in testosteronetreated CX birds, suggesting a specific higher aromatase activity in POA.
All metabolites of testosterone were present in extremely low concentration in the plasma and TEL of castrated males, and they were very significantly increased in males treated with exogenous testosterone but not with exogenous E 2 . This pattern was observed for 5α-DHT, 3α,5α-THT, 3α,5β-THT, etiocholanolone, 5β-DHT and 3β,5α-THT (not detected in the serum for the last two of these steroids). Conversely, the two groups treated with exogenous E 2 demonstrated a large increase in two oestrogenic metabolites in the TEL (oestrone, 2-ME) and also in the serum for F I G U R E 2 Concentrations of progesterone and its reduced metabolites and corticosterone measured by gas chromatography/mass spectrometry in the serum, hypothalamus-preoptic area (POA), whole telencephalon (TEL), optic lobes (OL) and cerebellum (CB) of adult sexually mature male and female Japanese quail. For details of the statistical analyses, see oestrone, whereas these steroids were not detected in castrates or castrates treated with testosterone. Surprisingly, epiandrosterone levels were only increased in the E 2 -treated birds. DHEA, PROG and androstenediol were only present in the TEL and unaffected by the systemic hormonal treatments. Average PROG concentrations decreased after treatments with testosterone or E 2 , although the effect just failed to reach statistical significance (P = 0.051) ( Table 5 ). This weak effect might result from an inhibitory cross-talk between the hypothalamic-pituitary-gonadal and hypothalamic-pituitary-adrenal axes. 
| Central vs systemic concentrations and local differences in the brain
Sex steroids are lipophilic and classically supposed to enter freely in lipophilic tissues such as the brain 49, 50 despite their association with low to moderate affinity to circulating binding proteins. Therefore, it F I G U R E 3 Concentrations of dehydroepiandrosterone, androstenediol, testosterone and its metabolites measured by gas chromatography/mass spectrometry in the serum, hypothalamus-preoptic area (POA), whole telencephalon (TEL), optic lobes (OL) and cerebellum (CB) of adult sexually mature male and female Japanese quail. For details of the statistical analyses, see Figure 1 . THT, tetrahydrotestosterone F I G U R E 4 Concentrations of the oestrogens measured by gas chromatography/mass spectrometry in the serum, hypothalamuspreoptic area (POA) and whole telencephalon (TEL) of adult sexually mature male and female Japanese quail. For details of the statistical analyses, see Figure 1 or mL ND could have been expected that their concentration would be similar in the serum and in the two or four brain areas that were sampled. This was indeed the case for some hormonal steroids, such as progesterone (in females more than in males), corticosterone or testosterone, although not for many others that were generally more concentrated in the brain. By contrast, we never detected serum concentrations that were higher than brain concentrations, as could have been expected if a peripheral source (gonads, adrenals) was present but the steroid could not freely enter the brain (see, however, the discussion of Experiment 3 for E2). As a note of caution, it should be pointed out that, as a result of the absence of some individual data points, all data were analysed considering the different brain regions as an independent factor in the ANOVAs and we did not statistically compare serum and brain concentrations. All of the conclusions presented below therefore refer to mean concentrations of steroids in a given sex or experimental group and do not exclude that a different pattern of distribution between the periphery and specific brain areas could be observed at the individual level. These observations also should not be construed to suggest that all steroids that were more concentrated in the brain than in the serum are actually synthesised locally.
Systemic steroids produced in the gonads or adrenal glands certainly contribute to these brain concentrations, and they could accumulate in the very lipophilic brain tissue or via binding to specific receptors or binding proteins with a higher capacity but lower affinity. 51, 52 Although all steroids are assumed to diffuse freely in the entire organisms, very important differences were observed between the steroid concentrations across brain areas and serum. Data for brain areas were analysed by a two-way ANOVA for each steroid with the area considered and sex of the subjects as independent factors. Concentrations in the serum were compared in males and females by a t test for each steroid. df, degrees of freedom; THP, tetrahydroprogesterone; THT, tetrahydrotestosterone; ND, not detected. P values were indicated in bold when a significant difference was measured. *P < 0.05, **P < 0.01, ***P < 0.001 in roughly similar concentrations in all samples; (ii) steroids present in higher concentrations in all brain regions than in the serum and, finally, (iii) steroids present in high concentration specifically in some brain areas but not in others.
As already mentioned, the first type of steroids includes corticosterone and testosterone but also multiple other androgens including DHEA, androstenedione, 3α5α-THT and 3α5β-THT. These steroids are presumably secreted in periphery and highly diffusible. This is clearly the case for corticosterone secreted by the adrenal glands and testosterone by the testes. Androstenedione and 5α-or 5β-reduced androgens could also be formed in the brain; there is indeed a very high 17β-HSD activity in the TEL (see Experiment 3), converting testosterone into androstenedione, and previous work with radioactive testosterone had identified an extremely high 5β-reductase activity in the quail brain. 43, 46 It is therefore conceivable that a fraction at least of these steroids are produced in the brain by metabolism of the parent steroid (testosterone) and secondarily released in the periphery, as reported previously for circulating oestrogens that are produced in the brain of zebra finches. 53, 54 Progesterone has also some but not all features of this first group. It is secreted by the ovaries and adrenals and was roughly in equilibrium between the periphery and the POA. It was also present in all other areas but concentrations were significantly lower in
Comparison of the steroid concentrations measured in dialysate collected in vivo from the male preoptic area (A) with the tissue concentrations in the same general brain region (POA) of males (B). PREG, pregnenolone; 20α-DHPREG, 20α-dihydropregnenolone; 5β-DHP, 5β-dihydroprogesterone; Cort, corticosterone; DHEA, dehydroepiandrosterone; A Diol, androstenediol; T, testosterone; 5α-DHT, 5α-dihydrotestosterone; 5β-DHT, 5β-dihydrotestosterone; 3α5α-THT, 3α5α-tetrahydrotestosterone; 3α5β-THT, 3α5β-tetrahydrotestosterone; 3β5α-THT, 3β5α-tetrahydrotestosterone; 5α-Dione, 5α-dihydroandrostanedione; 5β-Dione, 5β-dihydroandrostanedione; Etiochola, etiocholanolone; E2, 17β-estradiol 
the TEL and OL than in the POA. Either progesterone did not reach these areas from the periphery at the same rate or it was rapidly metabolised in a region-specific manner. The high concentrations of 3α,5α-THP and of 3α,5β-THP detected in the TEL but not the POA would be consistent with this interpretation.
It should also be noted that corticosterone concentrations measured here were lower (0.5 ng mL -1 ) than in previous studies in quail based on enzyme immunoassays (1-5 ng mL -1 ). 55, 56 This might reflect differences between assay methods, as well as biological effects. It should be recalled that here trunk blood was collected from birds rapidly killed by decapitation, whereas, in previous studies, concentrations were measured in blood samples collected from the wing or jugular vein, and these values already doubled after 5 minutes of restraint stress. It is therefore conceivable that the values observed here are truly basal concentrations while those measured in previous studies were already affected by stress even if the samples were collected within 3 minutes, which is broadly considered as acceptable for getting baseline concentrations.
The second type of steroids includes PREG, 20α-dihydropregnenolone, 5α-and 5β-DHP and possibly 5β-DHT (more concentrated in the brain although present in the periphery). The presence of a high 5β -reductase activity in the brain presumably explains the preferential distribution of 5β-reduced progesterone and testosterone in the brain.
It must be emphasised that incubation of quail brain homogenates with radioactive testosterone leads within minutes to the formation of extensive amounts of 5β-reduced metabolites. [43] [44] [45] [46] For example, one study showed that within 15 minutes, radioactive testosterone had been metabolised in substantial amounts of E 2 , 5α-and 5β-DHT but that the 5β-reduced metabolite is at least 10 times more concentrated than the others. 57 The relative affinity (K m ) of the 5β-reductase for testosterone is lower (473 nmol L ). This probably explains why the concentration of 5β-DHT in the brain was found to be 10 to 20 times larger than the concentration of testosterone and also much higher than 5α-DHT and E 2 . Other secondary 5β-reduced metabolites (5β-dihydroandrostanedione, 3α5β-THT) were similarly present in a high concentration in quail brain.
Pregnenolone, which is derived from cholesterol, and its metabolite 20α-dihydropregnenolone are also present in the brain in higher concentrations than in the serum and data strongly suggest that PREG and its metabolite are primarily synthesised in the brain.
Accordingly, we also found that brain concentrations of PREG are not diminished following castration (Experiment 3), thus confirming the independence of brain PREG concentrations from gonadal activity as previously shown in mammalian species. 41 The synthesis of radioactive PREG from radioactive cholesterol has indeed been previously demonstrated in quail brain homogenates.
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F I G U R E 6 Concentrations of pregnenolone (PREG), testosterone (T), oestradiol (E 2 ) and androstenedione in the hypothalamus-preoptic area (POA), telencephalon (TEL) and serum of castrated male Japanese quail or castrated male quail treated with Silastic implants filled with testosterone (T40) or with two doses of E 2 (E40 and E80). Data for each steroid were analysed by a two-way ANOVA with the two brain area considered (two levels) and treatment of the subjects (four levels) as independent factors or by one-way ANOVA for the serum concentrations (four levels). Results of Bonferroni post-hoc tests performed when a significant effect of brain areas was detected without interaction with treatment (PREG, E 2 ) are indicated by an underlined asterisk above the corresponding bars or by an asterisk above the bar if there was an interaction between treatment and brain area (testosterone, androstenedione). Results of Tukey's post-hoc tests performed when there was a significant overall effect of treatment are reported by numbers above the bar associated with the area and treatment considered as: 1 = P < 0.05 compared to CX same area, 2 = P < 0.05 compared to CX+T same area, 3 = P < 0.05 compared to CX+E40 same area and * = P < 0.05 compared to POA same treatment or mL F I G U R E 7 Concentrations of five steroids detected in the telencephalon (TEL) and serum (first three lines) and of seven steroids detected in the TEL only (last three lines) in castrated males vs castrated males treated with Silastic implants filled with testosterone (T) (T40) or with two doses of oestradiol (E 2 ) (E40 and E80). Data for each steroid were analysed by one-way ANOVA for each type of samples (TEL or serum). Results of Tukey's post-hoc tests performed when a significant effect of treatment was detected are indicated by numbers above the bar associated with the treatment (and tissue) considered as: 1 = P < 0.05 compared to CX, 2 = P < 0.05 compared to CX+T40 and 3 = P < 0.05 compared to CX+E40. THT, tetrahydrotestosterone; DHEA, dehydroepiandrosterone; A Diol, Androstenediol; 2-ME2, 2-methoxyoestradiol Finally, the third type of steroids concerned mostly compounds that were present in high concentration in the POA and in much lower concentration or absent in other brain regions and/or in the serum. This was mainly the case for pregnenolone sulphate (detected only in POA) and, to a less extent, for androstenediol, 5α-dihydroandrostanedione, 3β5α-THT, epiandrosterone, the three oestrogens in both sexes, 5α-DHP and 5β-dihydroandrostanedione in females and 5α-DHT in males. The enzyme catalysing the production of pregnenolone sulphate from PREG thus appears to be specifically expressed and active exclusively in the POA that is closely associated with the control of all instinctive behaviours and with autonomic control. Thus, quail appear to have a highly active pregnenolone sulphotransferase in their POA that should obviously play a physiological role. In human and nonhuman primates but not in rodents, 40 pregnenolone sulphate is a steroid produced in the zona reticularis of adrenals 59 and is secreted in high amounts in blood (approximately 300 nmol L -1 ). 60 Pregnenolone sulphate is known to increase activity in neuronal networks by inhibiting GABAergic and by stimulating glutamatergic neurotransmission. 61 These neuromodulatory effects of pregnenolone sulphate are consistent with their promnesic actions. 62 The functional implications of pregnenolone sulphate synthesis in the POA and its control mechanisms should thus be investigated.
5α-Reductase also appears to be extremely active towards androgens in the POA compared to the TEL. However, the specific function of this enzyme in the POA is poorly defined although it is clear that 5α-DHT synergises with oestrogens to activate male copulatory behaviour, 20, 28 an action that takes place to a large extent in the POA. 26 Similarly, oestrogens are specifically detected in high amounts in the POA. E 2 and oestrone are formed by aromatisation of testosterone or androstenedione, respectively, a reaction catalysed by aromatase or oestrogen synthase. 9 This enzyme is well known to Data for brain areas were analysed by a two-way ANOVA for each steroid with the area considered and treatment of the subjects as independent factors. Concentrations in the serum were compared in the four treatment group by a one-way ANOVA for each steroid P values were indicated in bold when a significant difference was measured. *P < 0.05, **P < 0.01, ***P < 0.001. df, degrees of freedom. Data for each steroid and tissue were analysed by a one-way ANOVA with the treatments of the subjects as independent factor. TEL, telencephalon; DHEA, dehydroepiandrosterone; THT, tetrahydrotestosterone. P values were indicated in bold when a significant difference was measured. **P < 0.01, ***P < 0.001. df, degrees of freedom.
Steroid
TEL Serum
TA B L E 5 Summary of the statistical analyses performed on steroids measured in the telencephalon and serum of adult castrated males or castrates treated with Silastic implants filled with testosterone (T40) or with two doses of oestradiol (E40 and E80) be expressed and active at a high level in the quail POA. 31, 46, 57 It is also extensively documented that the production of high concentrations of oestrogens at this site plays a key role in the control of appetitive and consummatory aspects of male sexual behaviour.
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The serum concentrations of the oestrogens were extremely low, below the detection level in many samples. These concentrations are much lower than previously reported in studies based on a radioimmunoassay (RIA). 29, 63 A similar discrepancy for blood concentrations of testosterone was previously identified between RIA and GC/MS in canaries 64 and between RIA and liquid chromatography-MS/MS in zebra finches. 65 Future work should determine whether these discrepancies reflect technical problems associated with RIA measurements. Note finally that both 3α5α-THP and 3α5β-THP were present only in the TEL and not in the POA (or serum for 3α5α-THP), although this could be explained by the amount of tissue available for the assay and thus the assay sensitivity.
The present study therefore demonstrates a great heterogeneity in the distribution of steroids in the brain. Multiple processes potentially contribute to the establishment of these differences: secretion by the gonads or adrenals, penetration in the brain, synthesis from steroids originating from cholesterol or from the periphery (eg, 5α-reduction or aromatisation of testosterone) and metabolism/catabolism in specific brain area. This creates a patchwork of neuroendocrine situations whose functional significance is obviously difficult to apprehend.
| Sex differences
These analyses also revealed or confirmed the existence of multiple average sex differences in steroid concentrations in quail brain and serum. PROG and its reduced metabolites were shown to be significantly more concentrated in females than in males in all brain areas, as well as in the serum (except for 5β-DHP and 3α5α-THP that were not detected in serum).
Conversely, as could be predicted based on previous research in quail and other species, 63, 66 testosterone, its precursors DHEA and androstenediol, and its main metabolites (5β-DHT, 3α5β-THT, 3α5α-THT, androstenedione, 5β-dihydroandrostanedione, etiocholanolone) were more concentrated in the serum of males than in females. Because steroids appear to freely enter the brain, this difference was reflected in all brain areas, thus resulting in an overall sex difference in the two-way ANOVAs (Figure 3 ). Quite surprisingly, however, the testosterone concentrations detected here in females were extremely low (<0.1 ng mL -1 ). This contrasts strikingly with previous studies that either found no significant difference of testosterone levels (measured by RIA) between males and females after three weeks of exposure to long days 43 is likely that this is also the case for 5β-DHT. However, to our knowledge, this was never formally tested because this steroid is largely specific to birds and assay kits are usually developed for mammals.
The abnormally high testosterone values previously reported in females could also be the result of a non specific interference in the assay of the high concentrations of fat that are known to circulate in egg laying females.
Overall, PREG and PROG (and metabolites) were thus significantly more concentrated in the brain of females compared to males, and an opposite sex difference was seen for DHEA (male > female)
and a large number of androgens (testosterone, androstenedione and their metabolites). This suggests that males produce testosterone via mainly PREG, DHEA and androstenedione by successive catalysis by CYP17, 3β-HSD and 17β-HSD1 in the testes (Figure 8 ).
The main metabolism pathway of androstenedione and testosterone is via 5β-reduction, although they could also be aromatised to oestrone and E 2 , respectively. By contrast, in females, E 2 could be produced from PROG via androstenedione and oestrone by CYP17, aromatase and 17β-HSD1 enzymes in ovaries, respectively.
Interestingly, an active synthesis of sex steroids from DHEA has been reported previously in another avian species, the song sparrow (Melospiza melodia). This species maintains territorial and aggressive behaviours throughout the year even when plasma testosterone and E 2 concentrations are basal during the winter. However, these behaviours are sex steroid-dependent because they are blocked by antiandrogens combined with aromatase inhibitors. 67, 68 Elegant work clearly showed that these behaviours are activated during the winter by sex steroids produced in the brain from DHEA of adrenal origin. taking place in auditory brain areas of zebra finches during social interactions 71 and this initiated an entire line of research. 18, [72] [73] [74] We recently showed that changes in E 2 concentrations can similarly be detected in the POA of Japanese quail during sexual interactions by ultrasensitive RIA based on an iodinated ligand. 75 We therefore considered whether this approach would allow us to identify a full steroid profile by the GC/MS technique. Finally, the present experiment represents a proof of concept indicating that it is now technically possible to follow in a dynamic manner the changes in steroid concentrations within the brain. The assay sensitivity of our GC/MS technique allowed the detection of 16 steroids in 500-μL samples that correspond to 500 minutes of collection at a flow rate of 1 μL min -1 . This sensitivity is therefore not sufficient for studies that would attempt to follow acute steroid changes in response to short-lived stimuli (eg, during the course of sexual interactions) unless major improvements in the sensitivity of the detection methods take place. However, the current state of the technique already clearly permits analyses of the brain responses to global changes in physiological condition such as castration, treatment with exogenous steroids or exposure to different photoperiods. We know, in many cases, the consequences of these manipulations on the blood concentrations of several steroids but,
given the steroidogenic capacity of the brain, it would be important to determine whether concentrations in specific brain regions are similarly affected.
| Effects of exogenous steroids on brain concentrations of steroids
We also analysed the effects of castration and treatments with ex- inadequate pH, etc.) or an increased catabolism compensates for the increased production of E 2 . In this latter option, one should then explain why the in vivo inhibition of preoptic aromatase activity drastically decreases male sexual behaviour. Importantly, note that the E 2 concentration was higher in the POA than in the TEL and serum in the testosterone-treated CX birds, in agreement with a specific higher aromatase activity/expression in the POA.
Interestingly, the present study also demonstrated that treatment of castrates with testosterone or E 2 results in a clear increase in their respective metabolites in the TEL and, in some cases, in the serum, suggesting that they are produced via metabolism of gonadal testosterone or E 2 by active endogenous enzymes, including, 17β-HSD2, 5α-and 5β-reductase, 3α-and 3β-HSD, 2-hydroxylase and catechol-o-methyl-transferase (production of 2-ME).
The concentrations of testosterone were similar in the TEL and serum of testosterone-treated CX quail and in gonadally intact subjects, and this was also the case for some of their metabolites such as androstenedione, 5α-DHT, 3α,5α-THT and 3β,5α-THT (quantified in the TEL only for the last three). This suggests that testosterone can be metabolised into androstenedione by 17β-HSD2 and into 5α-DHT by 5α-reductase in the TEL and the testis does not contribute in an important manner to the concentration of these metabolites in the brain. By contrast, 5β-DHT was at least 200 times more concentrated in the TEL of gonadally intact males than in testosterone-treated castrated males and this was also the case, to a lower extent, for 3α,5β-THT. These results might suggest that, in gonadally intact subjects, the testes markedly contribute to the circulating and brain concentrations of these metabolites. This conclusion is, however, in apparent conflict with the observations that (i) 5β-reduced metabolites of testosterone can be produced in large amounts in the quail brain, as previously shown by in vitro radioenzymatic assays 43,46,57 and (ii) concentrations of 5β-DHT were shown to be lower in the serum than in the brain of gonadally intact birds.
The origins of this discrepancy should be investigated by more causal experiments.
Finally, it is important to note that brain PREG concentrations were high in both intact male and female quail and unaffected by castration, despite the fact that average concentrations of this steroid were in both cases low in the serum. Previous work has demonstrated, in several animal species, including quail, 15 that the enzymes catalysing the synthesis of sex steroids from PREG are expressed in the brain. We actually found that testosterone and its main reduced metabolites and E 2 were detectable in the brain of CX quail.
Consequently, castration should not entirely remove steroids from the brain. DHEA and androstenediol, the precursors of testosterone, were also found in the brain and were almost unaffected by castration. We can thus speculate that sex steroids, testosterone and E 2 , could be produced in the brain independently of the peripheral source, via the PREG-DHEA-androstenediol enzymatic pathway.
However, the lower levels of E 2 induced by castration are clearly insufficient for the sex steroid-dependent activation of copulatory behaviour. 43 In conclusion, the present study provides new information regarding the brain vs systemic concentrations of multiple steroids in a broadly used model for neuroendocrine studies, the Japanese quail, as well as the possible reasons explaining the limited behavioural activity of oestrogens administered systemically compared to oestrogens produced centrally by testosterone aromatisation. These data highlight sex differences in steroidogenesis and also indicate an interaction between local brain synthesis and the supply from the periphery for the steroids present in brain that are either directly active or represent the substrate of centrally located enzymes. 
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